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Abstract: Gratings were recorded on the surface of nickel by ablation
without formation of ripples using an interference of two p-polarized
femtosecond laser beams at a π/4 angle of incidence. The mechanism of
ripples’ suppression is explained by formation of a polarization grating
and by ablation at the locations where the polarization is normal to the Ni
surface. The aspect ratio of the ablated grooves was ∼ 3 with the period
∼ 570 nm at the central wavelength of irradiation of 800 nm. This method is
applicable for laser structuring of different materials and a recorded grating
structure can be scaled with the irradiation wavelength.
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1. Introduction

Formation of ripples [1] on surfaces of metals [2], semiconductors [1, 3], and dielectrics [4]
irradiated by laser pulses/beams is a phenomenon reflecting complex light-matter interaction
mechanisms: formation of surface electromagnetic waves (SEW) [5], plasmon-polaritons [6],
melting, evaporation, and re-solidification governed by highly nonlinear processes driven by
surface capillary waves, surface tension, and surface energy [7]. Depending on materials’ op-
tical (the dielectric function), thermodynamical (temperature of phase transitions, latent heat,
thermal conductivity, etc.), mechanical properties and environment gas or liquid very differ-
ent surface morphologies were observed. Recently, ripple formation inside dielectric materials
were reported, where an interface of two materials with very different optical properties were
created by a strong ionization and dielectric breakdown using focused ultra-short (sub-1 ps)
pulses [8–10]. Laser pulses shorter than typical time of phonon equilibration and electron-ion
energy exchange in ablation plasma (∼ 1− 10 ps) are prospective for an efficient energy de-
livery to the irradiated surface (or volume in the case of transparent materials), since plasma
screening effects are not affecting conditions of beam/pulse propagation. However, even with
ultra-short pulses a high-precision and fidelity surface structuring with feature sizes compara-
ble with the wavelength, λ , is a challenging task due to formation of ripples. Formation and
self-organization of the ripples on the irradiated surfaces is still not well-controlled.
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Here, we demonstrate the use of polarization grating for suppression of ripples’ formation.
Gratings with sub-micrometer period have been recorded on a nickel surface by ablation using
the polarization grating. The depth of the ablated groove was comparable with λ and the aspect
ratio on the ablation pit was approximately 2.8 (the depth to width ratio). The mechanism of
laser ablation in the case of an uniform irradiance with a polarization grating is discussed. The
ablation of surfaces by a normal component of the light E-field has been responsible for efficient
ablation and suppression of ripples’ formation.

2. Experimental

Two femtosecond laser pulses of 130 fs duration at the central wavelength of 800 nm (Spitfire,
Spectra Physics) were focused on the surface of Ni samples by lenses of f = 250 mm focal
length. The polarization of each beam was controlled by a zero-order λ/2-plate and a delay
line was used to fulfill a temporal overlap of laser pulses on the surface.

Surface roughness of the Ni samples used in experiments was less than 1 nm (a min-max
value). A high temperature of Ni melting 1453◦C facilitates a high-precision processing of sur-
face due to fast thermal quenching when ablation is carried out by femtosecond laser pulses at
room conditions. The complex dielectric constant of Ni samples was measured by ellipsometry
at cw-illumination conditions, ε = (2.27+3.27ı)2.

The ablated regions were observed by field-emission scanning electron microscopy (SEM).
Numerical simulations of the polarization grating were carried out by a three-dimensional finite
differences time domain (3D-FDTD) software package Lumerical.

3. Theory

3.1. The efficacy maps of ripple formation

The formation of ripples (also known as radiation reminants [12], stimulated Wood’s anoma-
lies [13], laser-induced periodic surface structures (LIPSS) [14]) can be described by the ef-
ficacy factor, η [12]. This factor represents an inhomogeneous absorption as a function of
direction and spatial frequency on the irradiated surface. It has been demonstrated that ripples
with the wavevectors approximately equal to k0 = 2π/λ can be found on surfaces of metals,
semiconductors, and dielectrics [5]. Also, the ripples with very different values and directions
of wavevectors can be found on the ablated surfaces [15]. The formation mechanisms of the
ripples are still actively debated [7, 16, 17].

The efficacy factor can be presented as an efficacy map η(k,ϕ) [4], where ϕ is the angle
between the wavevector k of SEW and the surface projection ki = k0 sinθ of the incident
wavevector k0 with θ being the angle of incidence. Such maps help to account for the predicted
orientation and period of ripples on the surfaces [11]. Here, we will present the main formulae
required to calculate such ripples maps according to the theory presented in Ref. [12].

A Fourier component of the surface roughness with a wavevector k scatters the impinging
light with ki into the surface waves according to k± = ki ±k. The intensity of the light at the
pre-surface region caused by such scattering is expressed as:

I(k) ∝ η(k,ki)×|b(k)|, (1)

where η is the efficacy factor and b(k) is an amplitude of the surface roughness at the spatial
frequency given by k. In general, the factor η has sharp peaks when

|ki ±k| =
{

k0, if |ε| � 1

k0n, if n � 1
(2)
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Fig. 1. SEM top (a) and cross-sectional (b) images of Ni sample after ablation by two-
beam interference pattern. Geometry of experiment is shown in the inset of the panel (b).
The central wavelength was λ0 = 800 nm, pulse duration 130 fs, exposure time 1/6 s at
1 kHz repetition rate; the number of pulses was N = 160. Period of ablation pattern was
Λ = λ0/(2sinθ) � 566 nm. The incident power of the beams was 6.0 μJ/pulse and the
ablated area was around 30 μm in diameter. The cumulative irradiance was approximately
10% above the threshold of ablation.

where ε = (n+κı)2 is the complex dielectric constant. The first case applies for typical metals,
semiconductors, and dielectrics with high refractive indices, while the second for glasses and
plastics in visible-to-near-IR spectral range. In order to evaluate numerically the efficacy factor
is expressed as

η(k,ki) = 2π|v(k+)+ v∗(k−)|, (3)

where the definition of function v(k) for s- and p-polarizations with all other parameters are
gathered in the appendix; here, ∗ denotes a complex conjugate.

Though given by a cumbersome expression, the efficacy factor, η , (Eq. 3 and the appendix)
can be easily calculated. Also, the local electrical field enhancement factors due to geometrical
and plasmonic effects [6, 20] can be accounted for by the factor b(k) in Eq. 1. It is noteworthy,
that the real part of the dielectric function of metals can increase 1–3 times during a sub-1 ps
pulse at the high-irradiance (∼TW/cm2) before onset of surface ablation and hydrodynamic
movement, while the imaginary part stays almost unchanged [18]. This affects the period of
ripples according to Eq. 2 and ripples of a smaller period can be imprinted on the surface.

3.2. Polarization grating

Here, we define the intensity distribution in a polarization grating. Two p-polarized beams at a
mutual coincidence angle of 2θ create an energy density, w, distribution over the illuminated
surface governed by the interference tensor, Δm, [19]:

w = w0(1+ |trΔm|cos(Kx)) (4)

where w0 = wA + wB is the unmodulated energy density distribution given by a superposition
of the corresponding energy densities of beams A and B, K = 2π/Λ is the wavevector of the
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grating, x is the coordinate, tr is the trace of the matrix, and Δm [19]:

Δm =
2AAAB

A2
A +A2

B

⎛
⎝ cos2 θ 0 1

2 sin2θ
0 0 0

− 1
2 sin2θ 0 −sin2 θ

⎞
⎠ , (5)

where AA,B are the field amplitudes of the two beams. Then the energy density modulation is
Δw = 2

√
wAwB(cos2 θ − sin2 θ); in the case considered here θ = π/4 and one would find no

intensity (energy density) modulation, since Δw = 0.

4. Results and discussion

Figure 1 shows morphology of the ablation pattern recorded on the surface of Ni sample by
N = 160 laser pulses. The cumulative irradiance per pulse was only 10% larger than the thresh-
old of ablation. The grooves which have the depth up to 580 nm and the width of 210 nm (the
aspect ratio of 2.8) were formed on the surface. There were some debris on the surface, however,
there were no any ripples which usually deteriorate the surface quality. The period of the pattern
was following an expected pattern for the polarization grating Λ = λ0/(2sinθ)� 566 nm; note,
there were no intensity/irradiance grating over the irradiation spot. The formed polarization
gratings are expected to follow the calculated intensity pattern shown in Fig. 2(a) [26, 27]. The
intensity distribution |E|2 has unmodulated Gaussian distribution as demonstrated in Sec. 3.2.
However, the intensity components E2

x and E2
y show grating modulation as calculated by 3D-

FDTD for our experimental conditions (Fig. 2(b)). A Λ/2 shift exists between the two perpen-
dicular polarization gratings in a lateral direction as visualized in Fig. 2(b).

In order to understand the mechanism of pattern formation and ripples’ suppression, Ni sam-
ples were irradiated by a small (N = 5− 15) number of pulses in order to detect the onset of
pattern formation. Irradiation was carried out for s- and p-polarized pulses, respectively. The
results are summarized in Fig. 3. In the case of s-polarization (a), a complex pattern of ripples
emerged. Note, in this case there was an intensity grating formed (in contrast to the case of in-
terference of p-polarized pulses). The efficacy factors (Eq. 3) are plotted for the ripples whose
wavevectors are parallel (ϕ = 0◦) and perpendicular (ϕ = 90◦) to the plane of incidence; the
latter are sometimes called anomalous ripples. The ripples aligned in these two specific direc-
tions were most prominent on the ablated Ni surfaces (Fig. 3(a)). The peaks, dips, or kinks in
the efficacy plot reflects the light intensity re-distribution on the irradiated surface and is usu-
ally imprinted on the surface in the form of ripples. There is a strong correlation between the
efficacy map and ripples on the surface [2, 12] as we also observed and discuss below.

The periods of ripples corresponding to the two spilt peaks peakP
1 and peakP

2 in the efficacy
maps (Fig. 3(b)) are given by Λ±(θ) = (1/Λ0±sinθ/λ0)−1 where Λ0 is a spacing at θ = 0◦ [5].
The spacings and running directions of the Rs

ϕ=0◦ and Rs
ϕ=90◦ ripples is shown in Fig. 3 and

is in good agreement with the positions of the edges and dips efficacy features marked in the
corresponding efficacy map. The ripples Rs

ϕ=90◦ were considerably more expressed than those
marked Rs

ϕ=0◦ , in a good correspondence with theory, i.e., the sharp dip, dips, was causing
formation of the Rs

ϕ=90◦ ripples and the less expressed ripples Rs
ϕ=0◦ were due to a weaker

edges feature in the efficacy map (a).
The periodic structure corresponding to the peakp

3 in the efficacy plot (Fig. 3(b)) was distin-
guishable as ripples Rp

ϕ=90◦ (b). When Ni surface was irradiated with imperfectly overlapped
p-polarized beams the ripples with period Rp

ϕ=0◦ (the inset in Fig. 3(b)) were also found in
accordance with peakp

1 of the efficacy plot. The ripples Rp
ϕ=90◦ remained on the bottom of the

structures after large number of pulses (e.g., Fig. 1), however, they had no detrimental influence
on the overall formation of the ablated grating of the period Λ � 566 nm. The predictions of ab-
lation efficacy plots for the normal incidence of 800 and 400 nm (not shown here) wavelengths
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Fig. 2. (a) The polarization grating formed by interference of two p-polarized beams (see,
the inset of Fig. 1(b)) at the mutual incidence angle of 2θ = π/2. The E-field components
perpendicular and parallel to the surface are marked as E⊥ (or Ey) and E‖ (Ex), respectively;
ω is the cyclic frequency and t denotes time (see, Eq. 5). (b) The 3D-FDTD calculation of
the |Ex,y|2 intensity distribution of Gaussian beams on the surface of a metal (gold was
used for the perfect metal) for the experimental conditions shown in (b). The dashed line
in (b) shows location of surface; the intensity maxima are 4.7 and 4 for the E2

x and E2
y

components, respectively (the amplitude of the incident field is |Ein| = 1).

fs-laser pulses were satisfactorily corresponding to the experimentally observed ablation pat-
terns.

The mechanism of Ni ablation in the case of a spatially unmodulated Gaussian intensity dis-
tribution when the polarization grating is present is discussed next. The locations where E-field
is oscillating perpendicularly to the Ni surface (Fig. 2(b)) at the irradiation intensity slightly
above the threshold of ablation are the regions where ionization is most expected. Indeed, elec-
trons can be freed from surface states and accelerated in close proximity to the sample’s surface.
In the oscillating E-field, those pre-surface electrons are forced back into the surface during ev-
ery half of an optical cycle. The ionization and heating via inverse bremstahlung become more
efficient at these locations; this is known as a Brunel or vacuum heating mechanism [21]. Such
spatially localized heating leads towards efficient ablation, i.e., ions are departing from the sur-
face when their energy (defined by temperature) is larger than the binding energy of solid, which
is typically few electronvolts [22]. The air ambience is facilitating the ablation via direct ion
departure as well as evaporation from the metal surface as has been demonstrated earlier [22].
In case of multi-pulse exposure, formation of nano-droplets and trenches is expected at those
particular locations were material starts to ablate. They cause a further enhancement of the E-
field via the geometrical local field factor and, consequently, the ionization becomes even more
efficient [20]. This establishes a positive feedback mechanism and promotes self-organized for-
mation of the pattern, which has a period defined by the polarization grating despite the uniform
intensity distribution.

It is well known that, namely, p-polarization is required for the hard X-ray generation by fem-
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Fig. 3. SEM images of the ablated Ni surface and the efficacy factors (Eq. 3) for s- (a) and
p-polarizations (b), respectively. The angle of incidence was θ = 45◦ (the corresponding
period of the gratings is Λ = λ0/(2sinθ)� 566 nm); the surface projection of polarizations
and wavevectors are schematically shown in the insets; ϕ is the angle on the sample’s
surface out of the plane of incidence (out of x-axis). The number of pulses was N < 15 at
the cumulative irradiance 10% above the ablation threshold. SEM image of the Ni surface
ablated by imperfectly overlapped p-pol. beams is shown as the lower inset in (b). Scale
bars are 1 μm. Optical parameters used for estimation of η are n = 2.27, κ = 3.27, and
geometrical parameters F = 0.1, s = 0.4. See, text and Appendix for details.

tosecond laser pulses due to the presence of an E-field component normal to the surface (see,
e.g., [23]). This component is more efficient in heating and ionization of the surface and pre-
surface plasma as compared to the s-polarization (parallel to the surface). The physical reason
of the more effective electron and plasma heating by a normal component is that the electrons
oscillating in that field would not screen the incoming light and light energy could be efficiently
delivered to the surface at those locations. It was recently suggested to use vertical polarization
for surface nano-structuring [24]. Obviously, the melting and re-solidification processes occur-
ring dynamically in the presence of strong temperature and surface tension gradients are affect-
ing the final morphology of the ablated patterns [5,25]. However, the high melting temperature
of Ni, low laser repetition rate, and ultra-short pulses were important to reduce the influence of
thermo-capillary phenomena, which were observed in the in-bulk damage of glasses [28]. The
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normal E-field component above the ablation threshold facilitates ionization, plasma formation,
and removal of material without triggering SEWs or surface plasmon-polaritons. The polariza-
tion grating with the horizontal component (Fig. 2(b)) could still launch SEWs and generate
ripples, however, due to a small available length < Λ of flat surface for SEWs (at the locations
were E-field is parallel to the surface) and due to the changing projection ki over the irradiated
surface the formation of ripples was not efficient and was not observed experimentally.

The qualitative explanation of the ripple suppression as a result of surface ionization in the
field of vertical (to the surface) E-field component is in a good agreement with the experimental
observations. The ablation grooves had a distinctive rectangular cross section (Fig. 1), which
is different from typical ablation ripples which have aspect ratio close to one with a harmonic
cos-form cross-section. The rectangular cross section of ablated pattern might be caused by aux-
iliary ripples formed on the vertical side-walls of the grooves (see, Fig. 1(b)) and will be studied
next. Indeed, the vertical side-walls are parallel to the vertical E-field component and ripples
with wavevector parallel to the field can be formed. A controlled surface nano-structuring by
high-aspect-ratio grooves was the most efficient at a pre-threshold irradiance due to reduced
melting and evaporation. The discussed mechanism based on ionization and Brunel heating is
applicable for surfaces of different materials including semiconductors and dielectrics and is
expected to be less efficient in the case of an in-bulk laser structuring [29,30] due to absence of
free surfaces. The proposed method of grating fabrication by creation of the vertically (to the
surface of target) polarized E-field component is scalable with the wavelength.

5. Conclusions

The method of ripples’ suppression on the surface of Ni is demonstrated using a two-beam
irradiation geometry for creation of the polarization grating (without intensity grating) over
the irradiation spot. This technique could be used for recording of sub-micrometer gratings on
the surfaces of different materials and can be scaled with the irradiation wavelength. Surface
ablation in the normal E-field component explains the observation.

Appendix

The expressions of v(k±) for the s- and p-polarization used in evaluation of Eq. 3 are gathered
here [12]:

v(k±) = [hss(k±)(k± ·x)2 +hkk(k±)(k± ·y)2]γt |ts(ki)|2 (for s−pol.), (6)

v(k±) = [hss(k±)(k± ·y)2 +hkk(k±)(k± ·x)2]γt |tx|2 +hkz(k±)(k± ·x)γzεt∗x tz

+hzk(k±)(k± ·x)γt t
∗
z tx +hzz(k±)γzε|tz|2 (for p−pol.),

(7)

where x and y are the unity vectors along the corresponding coordinate, tx = w(ki)tp(ki)/(k0n)
and tz = kitp(ki)/(k0n) with the following parameters:

hss = 2ık0(w0 +w)−1 (8)

hkk = 2ıw0wk−1
0 (w0ε +w)−1 (9)

hzz = 2ık2k−1
0 (w0ε +w)−1 (10)

hzk = 2ıkw0k−1
0 (w0ε +w)−1 (11)

hkz = 2ıwkk−1
0 (w0ε +w)−1 (12)
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with w0 =
√

k2
0 − k2 and w =

√
k2

0ε − k2; ı =
√−1. The other parameters necessary to calculate

the efficacy factor are Fresnel coefficients ts = 2w0(w0 +w)−1 and tp = 2w0n(w0ε +w)−1, for
s- and p-polarizations, respectively.

The filling factor is defined as F = 〈b(k)〉 and the shape factor s = lt/l, where lt is the
transverse correlation length between the random sub-micrometer trenches on the surface. It
has been experimentally established that the ablation patterns on metals, semiconductors [2],
and dielectrics [4] can be explained by F = 0.1 and s = 0.4 . Also, the surface finishing quality
was not affecting considerably the ablation pattern; hence, this set of parameters was used in
our calculations (Fig. 3).
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